Coastal-related data are four-dimensional in nature, varying not only in location and water depth but also in time. The heterogeneous and dynamic nature of coastal-related data makes modeling and visualization of these data a challenging task. A new object-oriented spatiotemporal data model to represent dynamic three-dimensional coastal data is proposed in this study. In the proposed model, a set of abstract data types allowing suitable spatiotemporal operations is defined to manipulate complex coastal data. In addition, a logical data model is proposed for the design of a spatiotemporal database. The proposed object-oriented and logical data models are implemented in a real-world coastal information management system in Hong Kong. An elegant visualization framework for displaying the coastal data, based on the concept of a time-depth bar, is presented in the case study.
INTRODUCTION Background
Today, at least 40% of the world's population live on or near the coast (Bartlett ) . Human health and livelihood have inextricable links with the coastal environment, motivated by the need for food, recreation, marine transportation, etc. Thus, it is important to understand coastal environment changes, potential changes and the necessity to manage coastal resources in a sustainable way. A huge quantity of geographically referenced hydrodynamic and water quality data gathered from various sources is required to achieve these goals. Geographic information systems (GIS), with the capacity to store, organize, manipulate, analyze, retrieve and display geographically referenced information, have the potential to play an important role in coastal management applications.
The use of GIS in relation to coastal management has received substantial attention since the 1970s when GIS was a new technology. Early GIS coastal management applications focused mainly on the storage and display of coastal data. Most applications used only spatial concepts and had limited graphics capability (Bartlett ) . With computer hardware and GIS technological advances, GIS in coastal domains have progressed to include the use of advanced spatiotemporal analysis methods (Chen et al. ) , sophisticated visualization techniques (Ng et al. ) , the integration of complex hydrodynamic models ( Jiang et Coastal-related data are four-dimensional (4D) in nature, varying not only in location and water depth but also in time (Lucas ) . However, the current generation of twodimensional (2D) GIS products lacks the capacity to handle complex dynamic three-dimensional (3D) coastal-related data. Considering the increasing importance of coastal environments, in part due to rising sea levels attributed to global warning, a rigorous spatiotemporal data model would be of great value to support better management and protection of coastal resources. Another key challenge in coastal applications is the interface design. Although elegant interface designs have been proposed for traditional 2D applications, few interface examples have been proposed to enable 4D coastal management applications. The focus of the study presented in this paper is on these two challenges, which confront the development of coastal information systems.
Literature review on the representation of space-time in GIS
Within the GIS community, field-based and object-based conceptualizations are well recognized as alternatives for representing geographical phenomena (Cova & Goodchild ) . A spatial field is a mapping from continuous spatial locations to values from an attribute domain. A spatial object is a discrete entity with identity, location, shape and domain attributes. Geographic phenomena can be modeled using either a field-based or an object-based perspective. The choice depends on the application purpose and context. For instance, a lake is naturally represented as a discrete object in navigation applications, whereas the temperature of a lake is routinely modeled as a spatial field in the environmental application context. The modeling of geographical phenomena becomes more complex when incorporating the time dimension. All geographic data components, including location, shape and other attributes, may change over time. In addition, the geographical phenomena may change continuously (e.g. coastal morphological changes) or discretely (e.g. constructions of coastal structures).
To represent dynamic geographic phenomena, many spatiotemporal data models have been proposed. The snapshot model is a simple field-based spatiotemporal data model, which uses spatial field sequences to represent geographic phenomena states at different times (Armstrong The spatiotemporal composite model is one of the most important object-based models (Langran & Chrisman ) .
It represents dynamic geographical phenomena as a set of objects which mutate over time. This model has been implemented by ESRI (a leading GIS vendor) in Geodatabase Versioning, to keep track of added and deleted objects in different timestamps. The moving object database model was proposed (Güting & Schneider ) to represent continuously changing phenomena. This model, using object-oriented techniques, implements a set of abstract spatiotemporal data types to manipulate spatiotemporal data, and develops spatiotemporal indexes to support complex spatiotemporal queries.
In contrast to the above purely field-based or objectbased models, Goodchild et al. () proposed a conceptual framework to integrate the object-based and the field-based modeling perspectives. The concept of a 'geo-atom', which is a spatiotemporal point with a set of domain properties, is derived as an atomic form of geographic information. The geo-atom theory provides a single foundation for modeling both continuous and discrete changes of geographical phenomena. Aggregated geo-atoms under a suitable rule forms higher level elements, 'geo-fields' and 'geo-objects', to respectively represent fields and objects in space-time. Fields and objects can be further integrated, referred to as 'field-objects', through the aggregation of geo-atoms.
This study addresses the problem of modeling and visualizing a dynamic 3D coastal environment. Based on the fundamental geo-atom concept (Goodchild et al. ) , a new object-oriented spatiotemporal data model to represent heterogeneous coastal-related data with dynamic 3D nature is proposed. A set of abstract data types with suitable spatiotemporal operations is defined in the proposed model to manipulate the coastal-related data. In addition, a logical data model is proposed to store dynamic 3D coastal data in the database. In addition, the proposed object-oriented and logical data models are implemented in a Hong Kong real-world coastal information system. An elegant visualization framework to display the dynamic 3D coastal-related data based on the concept of time-depth bar is also 
REPRESENTATION OF SPACE-TIME IN COASTAL ENVIRONMENT
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DATA MODEL DESIGN
The geo-atom concept framework is described in the first subsection. A new object-oriented spatiotemporal data model for modeling dynamic 3D coastal-related data is then presented in the following subsection. A logical data model for the implementation of a spatiotemporal database is described in the final subsection.
Geo-atom concept framework
A 'geo-atom', q i , is defined as a spatiotemporal point with a set of domain attributes or properties. It can be expressed as
where p ¼<x, y, z, t> is a point in space-time, A ¼ { a 1 ,…, a n } is an attribute scheme and The geo-field is defined as the variation of one or more properties over a continuous domain in space-time. A geofield, F, can be expressed as
where Q(A, D, R) ¼ {q 1 , :::, q n } is a collection of geo-atoms with the same attribute scheme A, in the continuous space D and representing a time period R. The geo-object is defined as an aggregation of geo-atoms having a specific value for a certain property such as those geo-atoms having an identical ObjectID property. A geo-object, o i , can be expressed as
where Q(A, V 0 , R) ¼ {q 1 , :::, q n } is a set of geo-atoms with the same attribute scheme A, having the same values for certain properties V 0 ¼ {v i , :::, v j }, and within a time period R.
This paper extends the above geo-atom modeling framework in two aspects. First, the concept of a geo-object is extended to support additional properties. For instance, a geo-object can represent a ship-based survey conducted on a pre-defined transect. In addition to hydrodynamic and water quality parameters at the geo-atom level, the geo-object can have its own properties, such as a ship name, surveyors, pre-defined transect, etc. Thus, the extended geo-object is defined as
where A ¼ { a 1 , :::, a n } is a attribute scheme at the geo-object level and V ¼ { v 1 , :::, v n } is the attribute values associated with o i . Second, the concept of the 'geo-object-class' is further introduced to aggregate geo-objects with the same attribute scheme A as
where O(A, A, R) ¼ {o 1 , :::, o n } is a set of geo-objects with the same attribute scheme A. The same attribute scheme at both the geo-atom and geo-object levels is required for effective storage of the coastal information in the spatiotemporal database.
Object-oriented spatiotemporal data model
This subsection presents a new object-oriented spatiotemporal data model for modeling dynamic 3D coastal information including stationary objects, moving objects and evolving fields. The proposed data model is built on the above geo-atom concept framework.
The class diagram of the proposed spatiotemporal data model is depicted in Figure 1 in UML (Unified Modeling Language) notation. For clarity, the defined classes in the figure are distinguished by underlining from the above concept framework. In the proposed data model, GeoAtom, GeoObject, GeoObjectClass and GeoField represent the geo-atom, geo-object, geo-object-class and geo-field concepts, respectively. StationaryPoint is a sub-class (or a derived class) of GeoObject, representing the category of stationary objects. MovingPoint is also a sub-class of GeoObject, representing the category of moving objects.
The data in the evolving field category are represented as STMesh, a sub-class of GeoField. STMesh is an InstantaneousMesh set, and each of which represents a 2D mesh of finite elements at a given depth level and timestamp.
STDataset is a super-class of GeoObjectClass and GeoField.
It represents spatiotemporal datasets for all three types of dynamic 3D coastal data.
The properties and operations of defined classes are shown in Table 1 . For the sake of clarity, the properties are presented in italic font without parentheses and the operations are presented in italic font with parentheses. The GeoAtom class possesses six properties.
AtomID property is the identity of a geo-atom. Location, Z, T, AtomAttributeScheme and AttomAttributeValues are < x, y > , z, t, A and V shown in Equation (1), respectively.
The GeoObject class relates to the geo-object concept.
Among its ten properties, the ObjectID property is the identity of the geo-object used to distinguish the geo-object from its geo-object-class (V 0 in Equation (4) MovingPoint is a sub-class of GeoObject for representing the short-term survey data collected by a moving STDataset is a super class of the GeoObjectClass and
GeoField. It provides a set of common properties for all three types of coastal data. Among its eight properties, the Envelope property is the MBB of the spatiotemporal dataset in 2D space and the AtomAttributeScheme property is component A in Equations (2) can be applied for storing data in the other two categories.
As shown in the figure, the MO_MovingPoint and
Mo_GeoAtom tables store geo-objects and geo-atoms for a spatiotemporal dataset in the category of moving objects;
while the EF_InstantaneousMesh and EF_GeoAtom tables maintain a InstantaneousMesh in the category of evolving fields.
CASE STUDY AND INTERFACE DESIGN
A real-world case study in Hong Kong is presented in this section to illustrate the proposed spatiotemporal data model applications. The study area and data collection is described in the first subsection and the design of user interfaces is discussed in the following subsection.
Study area and data collection
As shown in Figure 3 Table 2 provides a summary of the collected survey data and model outputs. The logical model presented in the previous section was implemented to design the spatiotemporal database so as to store these collected survey data and model outputs.
System implementation
The proposed spatiotemporal data model as well as the PRECIS system was implemented through ESRI's ArcObject library using the Microsoft Visual Basic 6.0
programming language. The library enables implementation of powerful spatial data types and operations, provides a spatial data engine for supporting various relational database management systems, provides maps for displaying geographical information and offers other high-level interface controls for rapid application development.
PRECIS uses the following user interface for visualization and exploration of dynamic 3D coastal-related data, as shown in Figure 4 . The main interface consists of five windows including a data catalog window, a data viewer window, a time-depth bar window, a data description window and an overview window.
The data catalog window provides an overview of coastal-related data stored in the system. In this window, the survey data including stationary objects and moving quality is shown in Figure 8 . The value of WQI ranges from 0 to 100, with 0 for the worst condition and 100
for the best condition. By examining the figure, Deep
Bay was identified as the most problematic water region in Hong Kong.
CONCLUSIONS
An investigation into the modeling and visualization of a dynamic 3D coastal environment has been conducted in this study. Coastal-related data are heterogeneous, dynamic and three-dimensional. According to their spatiotemporal characteristics, coastal-related data can be classified into the three categories of stationary objects, moving objects and evolving fields. To represent these three types of dynamic 3D coastal-related data, a new object-oriented spatiotemporal data model has been proposed which builds on the concepts of the geo-atom, geo-object, geoobject-class and geo-field. The proposed object-oriented spatiotemporal data model defines a set of abstract data types with suitable spatiotemporal operations to effectively manipulate the dynamic 3D coastal-related data. In addition, a logical data model was proposed to enable effective storage of coastal data. The logical data model provides mapping between the classes defined in the object-oriented data model and tables constructed in the database. The proposed spatiotemporal data model only considered dynamic 3D coastal-related data based on the concepts of geo-objects and geo-fields. It may not be capable of representing certain coastal phenomena possessing both object and field characteristics (e.g. oil spill near the coast). Thus, an interesting extension of the proposed spatiotemporal model will be to consider such coastal phenomena using the concept of field objects.
Another interesting extension of this study will be to develop an internet-based GIS system for sharing coastal information with the other domains.
